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Impaired function of the Ikaros (IKZF1) protein is associated with the development of high-risk B-cell precursor acute lymphoblastic leukemia (B-ALL). The mechanisms of Ikaros tumor
suppressor activity in leukemia are unknown. Ikaros binds to the upstream regulatory elements of its target genes and regulates their transcription via chromatin remodeling. Here, we report that Ikaros represses transcription of the histone H3K4 demethylase, JARID1B (KDM5B). Transcriptional repression of JARID1B is associated with increased global levels of H3K4 trimethylation. Ikaros-mediated repression of JARID1B is dependent on the activity of the histone deacetylase, HDAC1, which binds to the upstream regulatory element of JARID1B in complex with Ikaros. In leukemia, JARID1B is overexpressed, and its inhibition results in cellular growth arrest. Ikaros-mediated repression of JARID1B in leukemia is impaired by pro-oncogenic casein kinase 2 (CK2). Inhibition of CK2 results in increased binding of the Ikaros-HDAC1 complex to the promoter of JARID1B, with increased formation of trimethylated histone H3 lysine 27 and decreased histone H3 Lys-9 acetylation. In cases of high-risk B-ALL that carry deletion of one Ikaros (IKZF1) allele, targeted inhibition of CK2 restores Ikaros binding to the JARID1B promoter and repression of JARID1B. In summary, the presented data suggest a mechanism through which Ikaros and HDAC1 regulate the epigenetic signature in leukemia: via regulation of JARID1B transcription. The presented data identify JARID1B as a novel therapeutic target in B-ALL and provide a rationale for the use of CK2 inhibitors in the treatment of high-risk B-ALL.
IKZF1 encodes the Ikaros DNA-binding zinc finger protein (1) (2) (3) (4) . Ikaros is essential for normal hematopoiesis and acts as a tumor suppressor (5, 6) . In humans, deletion of a single Ikaros allele is associated with the development of high-risk B-cell precursor acute lymphoblastic leukemia (B-ALL) 3 that is characterized by resistance to chemotherapy and poor prognosis (7) (8) (9) . Alterations in the Ikaros have also been associated with T cell ALL (10, 11) and myeloid leukemias (12) (13) (14) (15) (16) . Ikaros regulates transcription of its target genes via chromatin remodeling (9) . Ikaros has been shown to directly bind histone deacetylases HDAC1 and HDAC2 and to associate with the chromatin remodeling complex NuRD through interaction with the Mi-2 protein (9, 17) .
Ikaros is hypothesized to recruit chromatin remodeling complexes to the regulatory elements of its target genes, resulting in chromatin modifications (primarily histone deacetylation) and transcriptional repression or activation of its target genes (18 -20) . Mechanisms of Ikaros-mediated repression that are independent of histone deacetylase have also been described (18, 19) . This hypothesis is supported by reports that describe Ikaros activity during differentiation of murine thymocytes. Ikaros binds to upstream regulatory elements (UREs) of dntt, the gene encoding terminal deoxynucleotide transferase (4) , and regulates its transcription (21) . The binding of Ikaros to dntt is associated with the induction of epigenetic changes that are characteristic of transcriptionally repressed chromatin.
The function of Ikaros is regulated by posttranslational modifications (22) (23) (24) . Phosphorylation of Ikaros by oncogenic casein kinase II (CK2) and the role of this phosphorylation in regulating Ikaros activity have been studied most extensively (22, 25) . Data from these studies suggest that Ikaros is phosphorylated by CK2 at multiple residues and that CK2-mediated phosphorylation reduces the DNA binding affinity of Ikaros and abolishes its localization to pericentromeric heterochromatin (26, 27) . These data led to a model of leukemogenesis in which CK2 promotes malignancy by inhibiting Ikaros function as a transcriptional regulator (28) .
Despite extensive studies of Ikaros function in murine hematopoiesis, the molecular mechanisms by which Ikaros regulates transcription of its target genes and its role in the epigenetic control of gene expression in human leukemia remain unknown. Here, we report that Ikaros directly represses transcription of JARID1B (KDM5B) (lysine-specific demethylase 5B) histone demethylase, which specifically demethylates histone H3 at lysine 4. We show that Ikaros represses expression of JARID1B by recruiting the histone deacetylase, HDAC1, to the JARID1B promoter, resulting in epigenetic alterations that lead to the formation of a repressive chromatin environment. Our data suggest that in leukemia, CK2-mediated phosphorylation interferes with Ikaros-mediated repression of JARID1B. We demonstrate that inhibition of CK2 results in the down-regulation of JARID1B and a global increase in trimethylation of histone H3 at lysine 4 (H3K4me 3 ). We propose a model whereby CK2, Ikaros, and HDAC1 regulate H3K4me 3 in leukemia via transcriptional control of JARID1B.
Experimental Procedures
Cells, Cell Culture, and Reagents-Nalm6, CCRF-CEM, U937, and MOLT4 leukemia cell lines were obtained from the American Type Culture Collection (ATCC) (Manassas, VA) and cultured in RPMI 1640 medium (Cellgro) supplemented with 10% fetal bovine serum (Hyclone). HEK293T cells were cultured in DMEM (Cellgro) supplemented with 10% fetal calf serum and 1% L-glutamine (Cellgro). DN3 cells have been described previously (29) . MS275 (Cayman), quinalizarin (Calbiochem), PH009215 (2-4(4-methylphenyl)-1,2-benzisothiazol-3(2H)-one) (PBIT), and 4,5,6,7-tetrabromobenzotriazole (TBB) were purchased from Sigma. CX-4945 was a gift from Cylene Pharmaceuticals (San Diego, CA). Cells were incubated at 37°C in a humidified atmosphere of 5% CO 2 . Primary leukemia and normal cells were obtained from Loma Linda University (Loma Linda, CA) and Children's Hospital Los Angeles, and their use was approved by the institutional review boards at the respective institutions and at Penn State Hershey College of Medicine. The wild type full-length Ikaros or Ikaros deletion in patient samples was confirmed by Western blotting and/or genomic sequencing. For TBB treatment, the primary B-ALL (IK haploid ) cells were cultured briefly (1 day) in the same conditions as Nalm6.
ChIP-seq Experiments-ChIP-seq assays for Ikaros and HDAC1 in leukemia cells were performed as reported previously (30, 31) . For the ChIP-seq library, affinity-purified anti-Ikaros antibody (24) or anti-HDAC1 antibody (ab7028) was incubated with chromatin. ChIP-seq libraries were created using the ChIP-seq DNA sample preparation kit (Illumina) and size-selected, and the 200 -400-bp fraction was extracted and purified. Libraries were sequenced at the High Throughput Genomics Center at the University of Washington (Seattle, WA). ChIP-seq sequences were generated by an Illumina Hiseq 2000 or Genome Analyzer II system and then were mapped onto HG19 (Human Genome version 19 from NCBI) using the ELAND algorithm at the Genome Sequencing Center, University of Washington (Seattle, WA). CisGenome version 2.0 (32) was used to detect binding peaks on HG19. Parameters lpcut ϭ 1e Ϫ3 and c ϭ 2 were selected. Other parameters remained at default settings for the program run.
Antibodies-The antibodies used to immunoprecipitate and detect the C terminus of Ikaros (Ikaros-CTS) have been described previously (33) . The antibodies used for quantitative chromatin immunoprecipitation (qChIP) for epigenetic changes and Western blotting were as follows: anti-H3K9ac (ab4441, Abcam), anti-H3K27me 3 (07-449, Millipore), anti-HDAC1 (ab7028, Abcam), anti-HDAC2 (39934, active motif), anti-HDAC3 (3945P, Cell Signaling), anti-HDAC8 (ab137474, Abcam), anti-H3K4me 3 (ab8580, Abcam), JARID1B (ab56759, Abcam), proliferating cell nuclear antigen (FL-261, Santa Cruz Biotechnology, Inc.), histone H3 (ab1791, Abcam), actin (sc-1616-R, Santa Cruz Biotechnology), casein kinase II (made by ProSci Inc. against CK2␣ catalytic subunit-GST), anti-rabbit IgG (ab46540, Abcam), and secondary anti-rabbit IgG (HRP) (ab6721, Abcam).
Cell Proliferation Assay-The cell proliferation assay was performed as described previously (34) . Briefly, the colorimetric assay (WST-1 reagent) from Roche Applied Science was performed in 96-well white clear bottom plates (3603, Costar). 10 4 cells were seeded per well with no treatment or with PBIT treatment at the indicated concentration and cultured for 72 h. The WST-1 reagent was added (10 l/well) for 4 h, and absorbance at 440 nm was measured using the BioTek Synergy Mx plate reader.
Plasmid Construction-Wild-type human HA-tagged Ikaros (IKZF1) cDNA was cloned into BglII and EcoRI sites in the pMSCV bicistronic retroviral vector (MIG vector), which contains a 5Ј long terminal repeat, internal ribosome entry site, and enhanced green fluorescent protein (35) . For construction of the pGL4.15 promoter of JARID1B (pGL4.15-JARID1B), the promoter region of JARID1B (Ϫ2.5 kb from the transcriptional start site (TSS)) was amplified by PCR from the genomic DNA of Nalm6 cells by using primers CCCGAGCTCGCCCTAGA-CGAGACAATGCG (forward) and CCCAAGCTTAGGCTG-GGCAAGGGCGAGGCG (reverse). The PCR product was cloned into the pGL4.15 vector by SacI and HindIII restriction enzymes (New England Biolabs).
Retroviral Gene Transfer and Cell Sorting-Retroviruses were produced by transient transfection in amphotropic pack-aging 293 cell lines as described previously (26) . Nalm6 cells were plated in 24-well plates at 4 ϫ 10 5 cells/well and suspended in retroviral supernatants with 12 g/ml Polybrene and centrifuged at 1,400 ϫ g, at 32°C, for 2 h. The cells were then suspended in fresh 10% FBS RPMI 1640 and cultured at 37°C, 5% CO 2 for 3 days. The cells were isolated by Ficoll separation, and the GFP(ϩ) cells were sorted using a FACSAria high speed sorter (BD Biosciences). Sorted cells were further cultured followed by RNA isolation.
Luciferase Assay-HEK293T cells were seeded into 24-well plates and transiently transfected with 150 ng of the indicated promoter reporter constructs and 150 ng of pcDNA3.1-Ikaros or pcDNA3.1 vector as a control using Lipofectamine 2000 transfection reagent (Invitrogen). As an internal control, the pGL4.74[hRluc/TK] vector was cotransfected, which led to the constitutive expression of Renilla luciferase (Promega). 24 h after transfection, cells were collected and lysed in 100 l of 1ϫ passive lysis buffer in luciferase reporter assay kit (Promega) following the manufacturer's manual. Luciferase assays were carried out with 20 l of lysate on the dual luciferase reporter assay system (Promega GloMax 20/20 Luminometer). The activity of firefly luciferase was normalized to the activity of Renilla luciferase. Luciferase activities were expressed as -fold change relative to values obtained from pGL4.74 (hRluc/TK) vector only control cells. Each experiment was performed in triplicate, and all transfection and reporter assays were performed independently at least three times.
HDAC1 siRNA Knockdown in Luciferase Reporter Assay-Four unique 29-mer shRNA constructs for human HDAC1 in GFP vector (pGFP-V-RS) were purchased from Origene. The set of four shRNA plasmids for HDAC1 was tested first by Western blotting, and the optimal gene knockdown shRNA plasmid was selected for further studies. HEK293 cells were transiently transfected with 0.2 g of scrambled shNRA (siCTL) or HDAC1 shRNA (siHDAC1) plasmids together with 150 ng of the indicated promoter reporter constructs and 150 ng of pcDNA3.1-Ikaros or pcDNA3.1 vector as a control using Lipofectamine 2000 transfection reagent (Invitrogen). The luciferase reporter assays were performed following the same protocol as above.
qChIP-qChIP assays were performed as reported previously (31) . Briefly, cells were collected by centrifugation at 2,000 ϫ g for 5 min and cross-linked in cross-link solution containing 1% formaldehyde for 10 min on ice. The reaction was stopped by adding glycine to a final concentration of 0.125 M. Ikaros ChIP samples were prepared as follows: 2 ϫ 10 7 Nalm6 cells or primary leukemia cells (4 -10 ϫ 10 6 ) per condition were treated with solution I (50 mM Hepes/KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100, protease inhibitor) with rotation at 4°C for 10 min. The cells were pelleted and treated with solution II (0.2 M NaCl, 1 mM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, 10 mM Tris, pH 8.0, protease inhibitor) with rotation for 10 min at room temperature. The chromatin was fragmented in solution III (1 mM EDTA, pH 8.0, 0.5 mM EGTA, pH 8.0, 10 mM Tris, pH 8.0, protease inhibitor) with a Bioruptor (Diagenode) for 14 min (30-s pulses, 90-s pauses) to obtain an average size of 400 bp, and the chromatin was centrifuged at 4,000 rpm for 10 min at 4°C and added with 10% glycerol. ChIP assays were performed by incubation of the chromatin in buffer (1% Triton X-100, 0.1% deoxycholate, 1ϫ TE, and protease inhibitor) with 20 l of rabbit polyclonal anti-Ikaros sera or normal rabbit IgG (ab46540, Abcam) or mouse IgG (5415S, Cell Signaling) as control, which was precoated onto goat anti-rabbit IgG or sheep anti-mouse IgG Dynabeads (Invitrogen). Following overnight incubation at 4°C, protein-DNA complexes were captured with a magnetic particle concentrator (Invitrogen). Beads were washed extensively with radioimmune precipitation assay buffer (50 mM Hepes, pH 8.0, 1 mM EDTA, pH 8.0, 1% Nonidet P-40, 0.7% deoxycholate, 0.5 M LiCl) and TE. chromatin-immunoprecipitated DNA was eluted with 50 l of elution buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 1% SDS). Cross-links were reversed in the presence of 0.6 M NaCl at 65°C overnight. Samples were treated with proteinase K, extracted with phenol/ chloroform, and then treated with RNase A. Finally, the DNA was purified using the QIAquick PCR purification kit (Qiagen). Enrichment of the ChIP sample over input was evaluated by qPCR with specific primers in the promoter region of target genes. Three or more technical replicates were performed for most sites. -Fold enrichment was calculated by the formula, 2 ϪCT(sample) /2 ϪCT(input) , where CT represents threshold cycle number of sample and input. Relative concentration of ChIP-qPCR product is presented as the -fold change of DNA-Ikaros complex level of samples relative to control. qChIP assays of HDAC1 and histone modification markers were performed according to the same protocol as Ikaros qChIP except using 1 ϫ 10 7 cells and 1-5 g of antibody for the histone modification markers.
DNA Sequence Analysis-Sequence analysis of the URE of mouse and human JARID1B was performed using the DNA BLAT program.
qChIP Primers-Primers for JARID1B URE were TCCGCC-CATGTAAACATCATAA (sense) and AACCTAGGGACCG-AGAGGACTCT (antisense). Primers for JARID1B promoter and location relative to TSS were as follows: P1 (bp Ϫ507 to Ϫ423), AATTAGAACAGTGCCTAGGATATGAAAGT (sense) and CATGTTCATGAGAAGGCAATAGTAGTAA (antisense); P2 (bp Ϫ354 to Ϫ290), CCCCCTCCTGGGTTTT-ACTG (sense) and CCCATAAGCCAATCATTCAATCA (antisense); P3 (bp Ϫ259 to Ϫ183), CAGGGCAGGAACTCT-GATACATAGT (sense) and GGATGGAGTTTATCCTTAG-GGTTTC (antisense); P4 (bp Ϫ39 to 22), CGTCGGAGGCTG-AAAAAGC (sense) and GCAACAGCAAGTCCGAGTTG (antisense); P5 (bp ϩ242 to ϩ296), GCGGACCCCTTCG-CTTT (sense) and TGCCAGTCTGCTCGGCTAT (antisense). Primer sequences for qChIP to detect Ikaros binding across the URE are as follows (location relative to the transcriptional JARID1B start site in parenthesis): URE1 (bp Ϫ2,818 to Ϫ2,756), AGGATGGAGACACCTAGGGATGT (sense) and CAAACCGCCCTCATTTGTG (antisense); URE2 (bp Ϫ2,412 to Ϫ2,350), CGCGGTGTGGCTGTCA (sense) and CCTTGC-CCTTTATGATGTTTACATG (antisense); URE3 (bp Ϫ2,157 to Ϫ2,098), CCGGACTGGGAGACCTTGA (sense) and TTC-TCAGCTGCGTCCTACGA (antisense); URE4 (bp Ϫ1943 to Ϫ1880), GCACATGACACTACATGAGCTTCA (sense) and GGCTCTTTGGTGCGCATT (antisense); URE5 (bp Ϫ1,672 to Ϫ1,610), AAAGACTCCAGGTCCCAAAGC (sense) and GTG-GTCCTGGGAGAACGTATTC (antisense).
Quantitative RT-PCR (qRT-PCR)-Total RNA was isolated using the RNeasy minikit (Qiagen). 1 g of total RNA was reverse transcribed using a SuperScript TM first-strand synthesis system for RT-PCR kit (Invitrogen). qRT-PCR was performed with PerfeCta TM SYBR Green FastMix (Quanta Biosciences) using the StepOne Plus real-time PCR system (Applied Biosystems). Results were normalized to those obtained with 18S RNA and presented as -fold induction over control cells. Each experiment was performed in triplicate. Human primers were as follows: 18s RNA, GTAACCCGTTGAACCCCATT (sense) and CCATCCAATCGGTAGTAGCG (antisense); JARID1B, CAGCCCGACGAGCAAAA (sense) and CGTTGT-CTCCTCGGGTTCTATT (antisense); CK2␣ (CSNK2A1), AGC-GATGGGAACGCTTTG (sense) and AAGGCCTCAGGGCT-GACAA (antisense); Ikaros (IKZF1), GGCGCGGTGC-TCCTCCT (sense) and TCCGACACGCCCTACGACA (antisense). Mouse primers were as follows: mGAPDH, CTCAAC-TACATGGTCTACATGTTCCA (sense) and CCATTCTCG-GCCTTGACTGT (antisense); JARID1B, TGGCAGCACCCA-GTATTTCA (sense) and CCTCCGACAGTGAGGACAAAG (antisense).
Biochemical Experiments-Nuclear extraction and Western blotting were performed as described previously (25, 35) . Band intensities were quantified by ImageJ software. For quantitative comparison, the results were normalized to proliferating cell nuclear antigen and histone H3 to correct for variations in sample loading and the protein expression level as percentages of control signals (% control) in each blot to correct for variations between blots.
Histone Extraction-Cells were harvested and washed twice with ice-cold PBS supplemented with 5 mM sodium butyrate to retain levels of histone acetylation. Histone extraction was performed using the Abcam histone extraction protocol. Briefly, the cell pellet was lysed in cold lysis buffer (PBS containing 0.5% Triton X-100 (v/v), 50 mM Tris (pH 7.5), 150 mM sodium chloride, 2 mM PMSF, 0.02% (w/v) sodium nitrite) at cell density of 10 7 cells/ml for 10 min on ice while gently stirring and centrifuged at 6,500 ϫ g for 10 min at 4°C to spin down the nuclei. The pelleted nuclei were washed in lysis buffer and resuspended in 0.2 N HCl overnight at 4°C for acid extraction. The samples were centrifuged to eliminate debris, and supernatant containing the histones was transferred to a clean tube. The protein was quantified using the Bradford assay and used for Western blotting analysis.
Ikaros and CK2 shRNA Knockdown-Four unique 29-mer shRNA constructs for human Ikaros (IKZF1) in GFP vector (pGFP-V-RS) were purchased from Origene. The Nalm6 cells were transiently transfected with 0.5 g of plasmids/well in 24-well plates using the Neon Transfection System (Invitrogen). The set of four shRNA plasmids for Ikaros was tested first, and the optimal gene knockdown shRNA plasmid was selected for further studies. Three days after transfection, the Nalm6 cells with transfection efficiency ranging from 70 to 80% (green cells) and Ͼ95% cell viability were harvested for total RNA isolation. The 29-mer scrambled shRNA cassette in pGFP-V-RS vector was used as a control.
Four unique 29-mer shRNA constructs for human CK2␣ (CSNK2A1) in a GFP vector (pGFP-V-RS) were purchased from Origene, and the optimal gene knockdown shRNA plasmid for each gene was selected for further studies. Nalm6 cells were transiently transfected using the Neon Transfection System (Invitrogen). After transfection for 2 days, cells with transfection efficiency ranges from 70 -80% (green cells) and Ͼ95% cell viability were harvested for total RNA isolation. The 29-mer scrambled shRNA cassette in pGFP-V-RS vector was also used as a control. Knockdown of CK2 was confirmed by qRT-PCR measurement of its mRNA level.
Results
Ikaros Binds the URE of JARID1B-To identify Ikaros target genes in leukemia, we determined the genome-wide occupancy of Ikaros in the human B-ALL cell line, Nalm6, using chromatin immunoprecipitation followed by deep sequencing (ChIP-seq). Results show that Ikaros bound to the DNA sequence upstream of the promoter of the JARID1B (KDM5B) gene in Nalm6 cells ( Fig. 1A) .
Ikaros binding at the JARID1B URE was confirmed by qChIP of leukemia cell lines representing multiple blood lineages: the B-ALL cell line, the U937 acute myeloid leukemia cell line, and the CCRF-CEM early T-cell acute lymphoblastic leukemia (T-ALL) cell line ( Fig. 1B) , as well as in primary B-ALL, acute myeloid leukemia, and T-ALL cells from leukemia patients (Fig.  1C ). Ikaros binding to the URE of JARID1B was not detected in primary B-ALL with haploinsufficiency of Ikaros due to deletion of one allele (Fig. 1C, bar 4) . The strong binding of Ikaros at the JARID1B URE in cells from a range of hematopoietic lineages supports the functional relevance of Ikaros in regulating JARID1B expression.
Sequence analysis of the URE of human and mouse JARID1B (KDM5B) revealed a domain where the Ikaros consensus core binding element (5Ј-GGGA-3Ј) (35) occurs at high frequency and in close proximity (Fig. 1D ). The frequency of core binding elements was 7-fold (human) and 5-fold (mouse) greater than that expected based on a random nucleotide distribution. Comparative analysis of human and mouse genomes within the URE of JARID1B identified the presence of multiple evolutionarily conserved Ikaros consensus binding sites in close proximity to each other, along with several evolutionarily conserved Ikaros core binding elements surrounding the transcriptional start site (TSS) of JARID1B (data not shown). This suggests that the binding of Ikaros to the URE of JARID1B is functionally important.
Ikaros Represses Transcription of JARID1B-The effect of Ikaros binding on transcriptional regulation of JARID1B was determined using gain-of-function and loss-of-function experiments. We used the luciferase reporter assay to analyze the direct effect of Ikaros binding to the JARID1B upstream regulatory region on its transcription. The URE containing the Ikaros binding sites was cloned into a luciferase reporter plasmid. HEK293T cells were each co-transfected with the JARID1B-luciferase constructs and either a control plasmid pcDNA3.1-HA or a plasmid encoding human or mouse Ikaros (pcDNA3.1-HA-hIK-VI or pcDNA3.1-HA-mIK-VI, respectively). The effect of co-transfection with the murine or human full-length Ikaros isoform was compared with the negative control with empty plasmid. Results showed that expression from the JARID1B promoter was 2-fold higher without Ikaros as compared with cells that expressed murine or human Ikaros ( Fig. 2A) . These data suggest that Ikaros can directly repress transcription of JARID1B.
Next, we tested the effect of Ikaros on JARID1B transcription in leukemia. First we used the DN3 cell line, a T cell leukemia derived from the Ikaros knock-out mouse (29) . These cells do not express Ikaros. Retroviral transduction of DN3 cells with Ikaros resulted in reduced transcription of JARID1B, as indicated by qRT-PCR ( Fig. 2B) , when compared with control cells transduced with empty retroviral vector. These data suggest that Ikaros represses JARID1B transcription in leukemia.
Next, we compared JARID1B expression in human Nalm6 B-ALL cells transduced with retrovirus containing wild type Ikaros or with empty retroviral vector (negative control). The effect of Ikaros overexpression on JARID1B transcription was studied using qRT-PCR and at the protein level by Western blotting. Results show that cells with increased Ikaros expression have 2.5-fold reduced transcription of JARID1B, as measured by qRT-PCR ( Fig. 2C ). Western blotting shows that increased Ikaros protein in Nalm6 cells correlates with reduced JARID1B protein levels (reduced to one-third that observed in control cells (Fig. 2 , D and E (left)). JARID1B acts as a histone H3 demethylase, targeting the histone H3K4me 3 epigenetic modification, and thus is one of the primary enzymes controlling the global level of H3K4me 3 modifications in the nucleus (36) . To determine whether Ikaros overexpression results in changes in the level of H3K4me 3 modifications, we performed Western blotting analyses with antibodies specific to Ikaros and to H3K4me 3 . Our results show that overexpression of Ikaros leads to reduced levels of the JARID1B protein and a Ͼ2-fold increase in H3K4me 3 histone modifications in Nalm6 cells (Fig. 2, D and E (right) ).
To study the effect of reduced Ikaros activity on JARID1B transcription, we targeted Ikaros with shRNA ( Fig. 2F, left) . Nalm6 cells transfected with Ikaros shRNA showed increased transcription of JARID1B, as measured by qRT-PCR, when compared with controls ( Fig. 2F, right) .
Taken together, gain-of-function and loss-of-function experiments provide evidence that Ikaros acts as a transcriptional repressor of JARID1B and that increased Ikaros activity results in reduced JARID1B, leading to global changes in the histone methylation status of H3K4me 3 .
Repression of JARID1B by Ikaros Occurs via HDAC1-Next,
we studied the mechanism by which Ikaros represses JARID1B. Previous reports show that although Ikaros can directly activate or repress gene transcription, it often regulates gene expression by recruiting chromatin remodeling complexes to the regulatory regions of its target genes (20, 37) . In vivo, Ikaros associates with HDAC1, a component of the NuRD histone deacetylase complex (17) . We tested whether HDAC1 binds to the URE of JARID1B at the same site as Ikaros in leukemia cells. ChIP-seq experiments demonstrate that HDAC1 binds to the URE of JARID1B in close proximity to Ikaros binding (Fig. 3A ). To confirm HDAC1 occupancy at JARID1B upstream regulatory regions, qChIP assays were performed using HDAC1 antibody on the leukemia cell lines and samples and with the qChIP primers used to determine Ikaros occupancy in Fig. 1 . Strong HDAC1 binding was detected at the JARID1B URE in all leukemia cell lines as well as in primary leukemia cells from multiple blood lineages (Fig. 3, B and C) . In contrast, no binding of other class I histone deacetylases (HDAC2, HDAC3, and HDAC8) at the JARID1B URE was detected in B-ALL or T-ALL cell lines ( Fig. 3B, middle and right) or in primary B-ALL and T-ALL cells (Fig. 3C, middle and right) . This suggested that Ikaros binds the URE of JARID1B in complex with HDAC1. Next, we evaluated the functional significance of HDAC1 binding by determining whether histone deacetylase activity is essential for Ikaros-mediated repression of JARID1B. As shown previously in luciferase reporter assays ( Fig. 2A) , co-transfection of Ikaros downregulated transcription of JARID1B in 293T cells. However, treatment of 293T cells with the general histone deacetylase inhibitor, trichostatin, abolished Ikaros-mediated repression of JARID1B (Fig. 3D, bar 3) . These results suggest that histone deacetylase activity is essential for Ikaros-mediated repression of JARID1B. To determine specifically whether HDAC1 is essential for Ikaros-mediated repression of JARID1B, 293T cells were treated with the HDAC1 inhibitor MS-275, at a concentration that is specific for HDAC1 and does not inhibit other class I histone deacetylases (38 -40) . Treatment with MS-275 abolished Ikaros-mediated repression of JARID1B (Fig. 3D, bar  4) in a manner similar to that observed when cells were treated with trichostatin. In addition, transfection of 293T cells with the HDAC1-specific siRNA abolished Ikaros-mediated repression of JARID1B (Fig. 3E, bar 4 compared with bar 3) . These results suggest that the activity of HDAC1 is essential for Ikaros-mediated repression of JARID1B. 
CK2 Inhibits Ikaros-mediated Repression of JARID1B-Our
next goal was to determine the signal transduction pathway that regulates Ikaros-mediated repression of JARID1B transcription. Previously published data show that Ikaros is a direct phosphorylation target of CK2 and that phosphorylation of Ikaros by CK2 at its N-terminal serines/threonines reduces its DNA binding ability and alters its subcellular localization (26) . The role of CK2 in Ikaros-mediated repression of JARID1B was studied by a luciferase reporter assay in 293T cells (Fig. 4A) .
Results showed that co-transfection of Ikaros exhibits stronger repressor activity in the presence of the CK2-specific inhibitor TBB (Fig. 4A, bar 3 compared with bar 2) . Next, we used phosphomimetic and phosphoresistant Ikaros mutants to further test whether phosphorylation by CK2 kinase affects Ikaros-mediated repression of JARID1B. Known CK2 phosphorylation sites in Ikaros (serine or threonine) were mutated to alanine (to produce Ikaros phosphoresistant mutants) or to aspartate (to produce Ikaros phosphomimetic mutants). The ability of Ikaros FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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phosphomimetic and phosphoresistant mutants to repress transcription from the URE of JARID1B was tested by luciferase reporter assay. Results show that an Ikaros phosphoresistant mutant (with mutations at all 11 amino acids phosphorylated by CK2 (positions 13, 21, 23, 63, 101, 294, 389, 393, 394, 396 , and 398, as described previously), mutant IK-A11 (27)) acts as a transcriptional repressor of JARID1B in luciferase assays and represses gene expression at least as well as wild type Ikaros (Fig. 4A, bars 2 and 5) . However, the phosphomimetic Ikaros mutant with mutations that mimic phosphorylation at five N-terminal amino acids phosphorylated by CK2 (mutant IK-D5) (26) was unable to repress transcription of JARID1B in the luciferase reporter assay (Fig. 4A, bar 4 compared with  bar 2) . Treatment with the CK2-specific kinase inhibitor TBB did not result in transcriptional repression of JARID1B (Fig. 4A, bar 6 ) unless cells were transfected with wild-type Ikaros (Fig. 4A, bar 3 as compared with bar 6) . These results suggest that phosphorylation of Ikaros at N-terminal CK2 phosphosites inhibits its ability to repress JARID1B transcription. These data also provide evidence that the inhibition of CK2 does not repress JARID1B transcription in the absence of Ikaros expression.
CK2 activity is increased in leukemia as compared with normal bone marrow (41, 42) . Because the results in Fig. 4A suggest that phosphorylation by CK2 can regulate the ability of Ikaros to repress transcription of JARID1B, we hypothesized that increased CK2 activity interferes with Ikaros-mediated repression of JARID1B in leukemia. To test this hypothesis, the effect of CK2 inhibition on Ikaros regulation of JARID1B transcription in leukemia was determined. Molecular inhibition of CK2 function using shRNA against the CK2 catalytic subunit CK2 ␣ resulted in reduced transcription of JARID1B (as measured by qRT-PCR) (Fig. 4B) . The effect of pharmacological inhibition of CK2 on JARID1B transcription was tested using three different CK2 inhibitors: TBB, quinalizarin, and CX-4945. TBB has been used as a standard CK2-specific inhibitor for many years; however, quinalizarin exhibited a higher specificity toward CK2 when tested against a panel of 80 kinases (43) . CX-4945 is the inhibitor that has the highest known specificity against CK2 (44, 45) and is currently being tested in a Phase I clinical trial. The effect of these CK2-specific inhibitors on JARID1B transcription was measured by qRT-PCR in a panel of leukemia cells. Results showed that CK2 inhibition with TBB had a profound repressive effect on JARID1B transcription in all types of leukemia cells tested, except in DN3 cells, a T cell leukemia that is derived from Ikaros knock-out mice and thus lacks the Ikaros (Ikzf1) gene (Fig. 4C, column 5) . Treatment with quinalizarin and CX-4945 had similar effects on JARID1B transcription in leukemia cell lines (Fig. 4C, middle and right, respectively) . Western blotting analysis demonstrated that the inhibition of CK2 also results in reduced expression of the JARID1B protein in various types of leukemia cells (Fig. 4D) . Decreased expression of JARID1B was associated with increased levels of the histone H3K4me 3 modification as documented by Western blotting (Fig. 4D ). Next, we determined whether the presence of Ikaros is necessary for the transcriptional repression of JARID1B following CK2 inhibition. Nalm6 cells were transfected with scrambled or Ikaros shRNA. The effect of CK2 inhi-bition on the transcription of JARID1B was compared in cells with reduced Ikaros expression and in control cells. Expression analysis shows that the CK2 inhibitor CX-4945 represses JARID1B transcription in cells treated with scrambled shRNA (Fig. 4E, bar 3 versus bar 1) . However, the ability of CX-4945 to repress JARID1B is abolished in cells with shRNA knockdown of Ikaros as compared with control cells with scrambled shRNA (Fig. 4E, bar 4, as compared with bar 3, versus bar 1) . These results, along with the inability of CK2 inhibitors to repress JARID1B transcription in cells that do not express Ikaros (293T cells (Fig. 4A, bar 6 ) and DN3 cells (Fig.  4C, column 5) ), suggest that the JARID1B repression following CK2 inhibition requires Ikaros function as a transcriptional repressor.
Inhibition of CK2 Enhances Ikaros Binding and Recruitment of HDAC1 to the JARID1B URE-The effect of CK2 inhibition on Ikaros DNA binding affinity toward the JARID1B URE was studied by qChIP. Results show that CK2 inhibition enhances Ikaros DNA binding affinity toward the JARID1B URE in Nalm6 cells (Fig. 5A ). In addition, CK2 inhibition is associated with enhanced HDAC1 recruitment, as indicated by the much stronger HDAC1 binding at the regulatory region upstream of JARID1B that spans the area of Ikaros binding (Fig. 5B) . These results suggest that CK2 activity regulates Ikaros-mediated repression of JARID1B via direct phosphorylation of Ikaros and possibly by affecting HDAC1 recruitment to the JARID1B URE.
Inhibition of CK2 Kinase Represses JARID1B Expression via Chromatin Remodeling-Both Ikaros and HDAC1 regulate transcription of their target genes via chromatin remodeling by inducing epigenetic changes around the TSS. Because inhibition of CK2 activity results in repression of JARID1B via Ikaros and HDAC1, we tested whether repression of JARID1B is achieved through an epigenetic mechanism. Changes in the epigenetic markings around the TSS of JARID1B were measured by serial qChIP following CK2 inhibition. The five sets of primers used in qChIP spanned the promoter region from bp Ϫ500 to ϩ300 relative to the JARID1B TSS (Fig. 5C ). Results show that the inhibition of CK2 induces a strong enrichment in H3K27me 3 throughout the promoter region of JARID1B (Fig.  5D ). In addition, the acetylation of lysine 9 of histone H3 at the JARID1B promoter was diminished following CK2 inhibition (Fig. 5E) .
These results demonstrate that in leukemia cells, chromatin at the JARID1B promoter is in an open configuration, permissive to transcription, with strong H3K9 acetylation and the absence of H3K27me 3 and high-level expression of JARID1B. CK2 inhibition results in increased Ikaros binding and enhanced recruitment of HDAC1 to the URE of JARID1B. This is associated with the formation of repressive chromatin, characterized by the loss of H3K9ac and the emergence of H3K27me 3 at the JARID1B promoter and transcriptional repression of JARID1B.
Inhibition of CK2 Restores Ikaros-mediated Repression of JARID1B in High-risk B-ALL-Deletion of a single Ikaros allele leads to the development of high-risk B-ALL that is characterized by poor prognosis and increased chance of relapse (8) . Because CK2 activity interferes with Ikaros function, it has been hypothesized that the inhibition of CK2 might restore or enhance activity of the remaining Ikaros allele (28) . To address this question, we tested whether CK2 regulates Ikaros-mediated repression of JARID1B in primary high-risk B-ALL cells. These cells were obtained from a high-risk B-ALL patient with a deletion in one Ikaros allele resulting in IK haploid . qChIP analysis of IK haploid B-ALL cells showed a lack of Ikaros binding at the URE of JARID1B. Following inhibition of CK2 by TBB for 24 h, Ikaros binding to the same URE was detected by qChIP ( Fig. 6A, left columns) . Similarly, binding of HDAC1 was undetectable in untreated IK haploid B-ALL cells, but following CK2 inhibition with TBB, HDAC1 binding to the URE of JARID1B in IK haploid B-ALL cells was demonstrated by qChIP ( Fig. 6A, right columns) . Both Ikaros and HDAC1 occupancy of the URE of JARID1B were detected by qChIP using two different sets of primers that span a 200-bp region (Fig. 6A ) (data not shown). These data suggest that CK2-mediated phosphorylation of Ikaros can abolish the ability of Ikaros to bind the URE of JARID1B in high-risk leukemia. Inhibition of CK2 restores the ability of Ikaros to bind the URE of JARID1B and results in simultaneous recruitment of HDAC1 to this site.
We tested whether restoration of Ikaros binding to the URE of JARID1B following CK2 inhibition affects HDAC1 occu-pancy at the promoter region of JARID1B in high-risk leukemia. Results showed that HDAC1 did not bind to the JARID1B promoter in untreated high-risk leukemia cells, but inhibition of CK2 (TBB) resulted in HDAC1 occupancy at the JARID1B promoter (Fig. 6B) .
These results suggest that recruitment of HDAC1 to the URE and promoter of JARID1B is directly related to Ikaros binding at this site and, thus, that Ikaros binding is the critical step responsible for the regulation of JARID1B transcription following CK2 inhibition.
Expression analysis shows that TBB treatment of IK haploid B-ALL cells resulted in transcriptional repression of JARID1B, suggesting that the restoration of Ikaros binding and the recruitment of HDAC1 to the URE and promoter of JARID1B leads to transcriptional repression of JARID1B (Fig. 6C) .
We tested whether the inhibition of CK2 in primary highrisk IK haploid B-ALL affects the epigenetic signature around the TSS of JARID1B as it does in the Nalm6 B-ALL cell line. Serial qChIP experiments spanning the JARID1B promoter showed that the inhibition of CK2 induced high levels of the H3K27me 3 repressive chromatin mark, along with reduced H3K9ac at the JARID1B promoter (Fig. 6, D and E) . Taken together, these results demonstrate that the inhibition of CK2 kinase in high-risk B-cell precursor leukemia restores Ikaros binding to the JARID1B URE, along with recruitment of HDAC1 and transcriptional repression of JARID1B via chromatin remodeling.
Inhibition of JARID1B Impairs Leukemia Cell Proliferation-We analyzed the impact of Ikaros-mediated repression of JARID1B on leukemia cells. First, we compared expression of JARID1B in primary cells from patients with B-ALL and from normal bone marrow using qRT-PCR. Results showed that JARID1B is strongly up-regulated in B-ALL as compared with normal bone marrow (Fig. 7A) . These results are consistent with previously published results (46) and suggest that overexpression of JARID1B might play a significant role in the development of B-ALL.
Molecular inhibition of JARID1B using siRNA has shown that JARID1B is important for hematopoietic stem cell renewal (47, 48) . Here, we tested the effect of pharmacological inhibition of JARID1B on the proliferation of leukemia cells. Leukemia cell lines representing various lineages (as described in the legend to Fig. 1B) were treated with the specific JARID1B inhibitor PBIT (34) . Our results show that the inhibition of JARID1B by PBIT leads to severely impaired cellular proliferation (Fig.  7B ). This effect is more pronounced in ALL than in acute myeloid leukemia cell lines (Fig. 7B, left versus right) . PBIT similarly affects cellular proliferation in primary human leukemia cells (Fig. 7C) . These data provide evidence that JARID1B expression and/or activity is essential for leukemia cell growth. These data suggest that one of the mechanisms by which Ikaros exerts its tumor suppressor activity in leukemia involves transcriptional repression of JARID1B and identify JARID1B as a potential therapeutic target in leukemia.
Discussion
Ikaros acts as a tumor suppressor in human leukemia by regulating the expression of a large set of genes. Although in vivo Ikaros binding at the promoter regions of multiple genes has been shown by ChIP-seq experiments, the mechanism through which Ikaros regulates global gene expression remains unknown (49, 50) . The studies presented here use gain-of-function and loss-of-function experiments to show that Ikaros represses transcription of JARID1B and regulates the global cellular level of H3K4me 3 . Our data suggest that Ikaros represses JARID1B by recruiting HDAC1 to the JARID1B promoter, inducing a repressive state of chromatin.
JARID1B contains a JmjC domain that functions to remove tri-and dimethyl groups from lysine 4 of histone H3 (H3K4) (51) . H3K4 di-and trimethyl modifications at the TSS are a marker of actively transcribed genes (52) (53) (54) . Overexpression of JARID1B is associated with breast (55, 56) , melanoma (57), prostate (51) , and bladder (57, 58) cancers. A search of the Oncomine database (59, 60) showed that JARID1B is up-regulated in multiple types of leukemia (46) . JARID1B is important for hematopoietic stem cell renewal (47, 48) and is overex- pressed in acute myeloid leukemia. Our data demonstrated a strong increase in expression of JARID1B in B-ALL as compared with normal bone marrow. Drug development studies of small molecule inhibitors of JARID1B and vaccine-based immunotherapy directed at JARID1B are ongoing (34, 36, 58) . The strong up-regulation of JARID1B expression in leukemia coupled with growth arrest following JARID1B inhibition in various types of leukemia suggests an essential role for JARID1B in leukemia proliferation. This suggests that one mechanism of Ikaros tumor suppression involves negative regulation of JARID1B expression.
CK2 is a pro-oncogenic kinase that is up-regulated in various types of cancer, including leukemia (41) . CK2 directly phosphorylates Ikaros at specific amino acids and impairs its function (26, 27) . It has been hypothesized that CK2 exerts its pro-oncogenic potential by inhibiting the tumor suppressor activity of Ikaros (28) . Several lines of evidence presented here suggest that CK2 regulates JARID1B transcription by impairing Ikaros function as transcriptional repressor: 1) Ikaros mutants that mimic CK2 phosphorylation lose the ability to repress JARID1B expression, whereas phosphoresistant mutants restore repression of JARID1B in luciferase reporter assays ( Fig. 2A) ; 2) both molecular (with shRNA) and pharmacological inhibition (with three different inhibitors) of CK2 result in JARID1B repression; and 3) CK2 inhibition has no effect on JARID1B repression in cells that do not express Ikaros (e.g. 293T and DN3 cells) or in B-ALL cells with Ikaros knockdown using shRNA. These data suggest that Ikaros has an important and potentially critical role in the regulation of JARID1B transcription in B-ALL. Overall, the data presented here reveal the role of CK2, Ikaros, and HDAC1 in regulating JARID1B transcription via epigenetic modifications and chromatin remodeling. Based on these results, we propose a model by which CK2, Ikaros, and HDAC1 regulate transcription of JARID1B in B-ALL (Fig. 8 ). In this model, Ikaros, in complex with HDAC1, represses JARID1B transcription by inducing the formation of repressive chromatin with H3K27me 3 and loss of H3K9ac. Phosphorylation by CK2 decreases Ikaros DNA binding affinity, which also impairs the recruitment of HDAC1 to the JARID1B promoter, resulting in the loss of H3K27me 3 -associated repression at the JARID1B FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
Regulation of JARID1B Expression by Ikaros, HDAC1, and CK2
JOURNAL OF BIOLOGICAL CHEMISTRY 4015
TSS together with increased H3K9ac and consequently increased transcription of JARID1B. Inhibition of CK2 restores Ikaros-mediated repression of JARID1B via chromatin remodeling as described above. These results suggest the presence of a CK2-Ikaros-HDAC1-JARID1B pathway that is involved in global epigenetic regulation in leukemia. In this model, abrogation of Ikaros-mediated repression of JARID1B is one mechanism by which CK2 exerts its oncogenic action in leukemia as well as a mechanism by which CK2 regulates the global epigenetic landscape, leading to increased levels of H3K4me 3 .
The presence of defects in a single Ikaros allele is associated with B-ALL that is at high risk for relapse (8) . Defects in a single copy of Ikaros result in the presence of one wild type allele and a second allele that either 1) does not produce Ikaros proteins or 2) produces forms of Ikaros that are defective in DNA binding and which can potentially act as "dominant negative" mutants and inhibit (or impair) the function of the remaining wild type Ikaros. It is debatable whether cells with dominant negative forms of Ikaros have any remaining Ikaros function. The elevated CK2 activity present in leukemia further abolishes the activity of any Ikaros produced by the remaining wild type Ikaros allele. Because Ikaros probably binds DNA as a dimer or multimer (21) , we hypothesize that the presence of short, potentially dominant negative, Ikaros isoforms that result from the deletion of one allele do not completely impair the activity of the wild type allele, but rather the loss of Ikaros activity in high-risk leukemia is the result of a combination of one defective allele and the functional inhibition of the wild type Ikaros by CK2. Experiments presented in Fig. 7 were performed on primary high-risk ALL cells that have an Ikaros deletion affecting one allele and resulting in the expression of short DNAnon-binding Ikaros proteins as well as wild type Ikaros. Data shown here suggest that in these cells, Ikaros activity as a repressor of JARID1B is lost but that the inhibition of CK2 restores Ikaros-mediated repression of JARID1B via chromatin remodeling. These data support a model by which both increased CK2 activity and the deletion of a single Ikaros allele result in the loss of Ikaros function in high-risk ALL. More importantly, this suggests that CK2 inhibition can enhance the activity of the remaining wild type Ikaros allele and restore Ikaros tumor suppressor function, at least with respect to the regulation of JARID1B transcription. Recently, CK2 inhibition has been shown to restore Ikaros-mediated repression of the cell cycle-promoting genes and genes that regulate the PI3K pathway in high-risk ALL with deletion of a single Ikaros allele, which supports our proposed model of JARID1B regulation by CK2 and Ikaros (61) . CK2 is considered a target for treatment in various types of malignancies, and a phase I clinical trial with CK2 inhibitors has recently been completed for solid tumors. Further testing of this model through studies that examine the role of CK2 inhibition in restoring Ikaros tumor suppressor activity will be important.
In summary, we have presented data suggesting that Ikaros, in complex with HDAC1, regulates the transcription of JARID1B via chromatin remodeling. In leukemia, this process is impaired by the pro-oncogenic kinase, CK2. Treatment with CK2 inhibitors restores Ikaros-mediated repression of JARID1B, causing increased global levels of H3K4me 3 . These studies provide a mechanistic rationale for the use of CK2 inhibitors as a potential therapeutic option in leukemia and suggest the presence of a CK2-Ikaros-HDAC1-JARID1B pathway that controls global epigenetic regulation in this disease.
Author Contributions-S. D. conceived and coordinated the study and wrote the paper. H. W., C. S., and K. J. P. wrote the paper. X. P., Z. G., C. S., Y. D., O. L. F., and K. J. P. designed, performed, and analyzed the experiments shown in Fig. 1. H. W., C. G., G. D., Y. D., Z. G., M. X., and C. S. designed, performed, and analyzed the experiments shown in Fig. 2 
